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Abstract— The ability for a bio-operator to utilise a haptic 
device to manipulate a microrobot for intracellular injection 
offers immense benefits. One significant benefit is for the bio-
operator to receive haptic guidance while performing the 
injection process. In order to address this, this paper 
investigates the use of haptic virtual fixtures for cell injection 
and proposes a novel force field virtual fixture. The guidance 
force felt by the bio-operator is determined by force field 
analysis within the virtual fixture. The proposed force field 
virtual fixture assists the bio-operator when performing 
intracellular injection by limiting the micropipette tip’s motion 
to a conical volume as well as recommending the desired path 
for optimal injection. A virtual fixture plane is also introduced 
to prevent the bio-operator from moving the micropipette tip 
beyond the deposition target inside the cell. Simulation results 
demonstrate the operation of the guidance system.  
I. INTRODUCTION 
esearch interest in depositing materials such as protein, 
sperm, DNA and bio-molecules into specific locations 
of biological cells has increased in recent years [1-3]. In 
biological laboratories micro-injection is performed 
manually or semi-automatically by a trained bio-operator. It 
generally takes approximately one year for a bio-operator to 
be adequately trained for the cell injection process and even 
so, the success rate remains low [4, 5]. The accuracy of 
deposition and the trajectory of the micropipette are 
important to successful injection. The human bio-operator 
however requires excessive training and skill, and remains 
inherently limited in performing such high precision tasks. 
The literature demonstrates approaches which minimise 
the human involvement in cell injection and attempt to 
improve the success rate through fully-automated solutions 
[6-9]. Biological micro-manipulation has distinct 
characteristics. The cells are the objects to be manipulated 
and vary in size, shape and properties and contact forces 
vary widely ranging from µN to mN [10]. As such, the 
system model is not constant and also needs to be calibrated 
for different temperatures. Our past work utilises computer 
vision for automated cell injection [11] while others have 
utilised computer vision for measuring cell contact forces 
[12]. The works by [9-11] propose different image 
processing techniques for a variety of cells including 
suspended cells (e.g., embryos/oocytes) and adherent cells 
(e.g. HeLa, fibroblasts, and endothelial).  
An alternative to automated cell injection is to augment the 
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bio-operator’s control of the injection process through a 
haptically enabled Human Machine Interface (HMI). The 
term haptic relates to the human’s ability to feel and touch 
and haptic technologies can interact with the human’s haptic 
modality through tactual, force-based and proprioceptive 
interaction. Haptic technologies have been utilised in a vast 
diversity of applications including virtual manipulation [13], 
procedural operator training [14], mobile robotic 
teleoperation [15, 16]  and medical simulation and training 
[17, 18].  
Our previous works focus on the underlying capabilities 
necessary to haptically augment the bio-operator’s control of 
the cell injection process. This includes neuro-fuzzy system 
identification for controlling the microrobot during cell 
injection [19], as well as a haptic-microrobot kinematic 
mapping strategy and controller [20] to allow the bio-
operator to utilise the haptic device to intuitively move the 
micropipette using a similar method to that of hand-held 
needle insertion. 
This paper builds upon these capabilities, allowing the bio-
operator to intuitively control the micropipette’s motion [20] 
while virtual fixtures provide haptic guidance during the cell 
injection task. Haptic virtual fixtures are a class of virtual 
fixtures which provide assistance to the human operator 
through force and position signals [21]. Haptic virtual 
fixtures can be used to guide an operator along a desired 
trajectory and/or to prevent entering forbidden regions. The 
work by [22] demonstrates that operator performance be can 
increased through the introduction of virtual fixtures. The 
approach presented in this paper introduces two types of 
virtual fixtures for assisting the bio-operator in performing 
the intracellular injection task. The first is a novel haptic 
virtual fixture scheme based on field force analysis which 
guides the micropipette tip’s motion within a volumetric 
cone, as well as recommending the desired path for optimal 
injection. The second is a planar virtual fixture attempting to 
prevent the bio-operator from exceeding the desired 
deposition point depth.  
This paper is organised as follows. Firstly, the haptic 
microrobotic cell injection system is presented. Secondly, 
existing haptic virtual fixture-based guidance systems are 
overviewed. This is followed by the introduction of the 
novel force field and planar virtual fixtures. Results are then 
presented demonstrating the operation of the approach.
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II. HAPTIC MICROROBOTIC CELL INJECTION SYSTEM 
The haptically enabled cell injection system presented in 
this work is depicted by Figure 1. The microrobot is the MP-
285 micromanipulator from Sutter Instruments providing 3 
actuated Degrees of Freedom (DOF) and 2 additional DOF 
adjustable manually. The 3 actuated DOF each provide a 
linear range of 25mm with 0.04µm positioning resolution. 
Cell injection is facilitated through a glass micropipette as 
shown in Figure 1. A pressure micro-injector system (PMI-
200, Dagan) with a computer controlled injection trigger 
provides positive pressure for material deposition. The cell 
holding dish is placed in the view of the microscope lens and 
a CMOS camera (A601f-2, Basler) is mounted on top of the 
optical microscope (SZX2-ILLB, Olympus) providing the 
operator with visual information from the cell injection 
process. A personal computer (Intel Core Duo CPU 
2.66GHz, 4GB RAM) is utilised for system control and 
monitoring. The micromanipulator is interfaced to the PC 
using a DAQ card (NI PCI-6259) and position feedback is 
received by the computer’s serial port. In order to minimise 
vibration, the setup (excluding the PC and the injection unit) 
are mounted on a vibration isolation table.  
 
Figure 1. Haptic microrobotic cell injection system 
The micromanipulator comes standard with a HMI 
allowing the operator to control the three axes of the device 
independently using rotary encoders (Figure 1). Sutter 
instruments also provide an optional modified joystick to 
control the micromanipulator. Our approach provides an 
intuitive method allowing the bio-operator to control the 
micropipette with direct 3D position-position mapping from 
the haptic device. This capability facilitates the following: 
Intuitive needle control provides the ability for the 
bio-operator to control the movement of the 
micropipette in a similar fashion to conventional 
handheld needle insertion as opposed to using the 
rotary encoders (or modified joystick). 
Guidance such as virtual fixtures can be utilised to 
haptically assist the bio-operator in performing the 
injection process.  
Force information such as cell contact forces can 
form haptic force feedback to the bio-operator’s 
hand. 
This ability for the bio-operator to control the micropipette 
using this method also lends itself to the ability to train the 
bio-operator offline (subject to an appropriate cell model). In 
such a scenario, the bio-operator/s can be trained using the 
haptic device-microrobot mapping in a haptically enabled 
virtual environment. After sufficient training, the bio-
operator/s can move to the physical cell injection system and 
utilise their training experience with the above-mentioned 
haptic device-microrobot mapping to perform real 
intracellular injection. 
This paper builds upon the existing mapping strategy to 
address the above-mentioned guidance component of the 
overall haptic microrobotic intracellular injection system. 
III. HAPTIC VIRTUAL FIXTURE GUIDANCE 
Virtual fixtures aim to guide operator motions within a 
virtual environment, including conforming to a range of 
geometries and influencing motion along a desired 
trajectory. Haptic virtual fixtures operate by applying 
appropriate forces to the operator’s hand in order to achieve 
the desired guidance. Two classes of virtual fixtures are 
considered; Guidance virtual fixtures (GVF) which guide 
the operator to follow a desired trajectory or surface, and 
Forbidden-region virtual fixtures (FRVF) which prevent the 
operator from exceeding a defined geometry workspace and 
entering a forbidden region [21].     
Haptic virtual fixtures have been utilised in a diverse range 
of applications in the robotics domain. Studies suggest that 
the operator performance can increase by as much as 70% 
through virtual fixture guidance [22]. The works by [23-25] 
propose virtual fixtures for cooperative manipulators where 
the operator directly interacts with a robotic device to 
manipulate an environment. In [26-29], the operator controls 
a master robot, while receiving assistance by virtual fixtures,  
to command the slave robot to manipulate the environment. 
In telemanipulation systems it is essential to provide the 
operator with an adequate level of transparency between the 
operator’s control of the master device and the slave 
environment [30].  As such, a large body of work focuses on 
improving the fidelity between the operator (master side) 
and the environment (slave side) [31, 32]. Haptic virtual 
fixtures impose haptic intervention to the operator’s hand 
(master side) in order to guide their control according to 
some predefined criteria. This haptic intervention is virtually 
imposed upon the operator and may not directly derive from 
the slave environment. In this context, virtual fixtures 
contrast the concept of full transparency.  
In the case where the virtual fixture can be overpowered 
by the operator, this constitutes the ability of the teleoperator 
to have the ultimate control of the [15] of the slave 
microrobotic manipulator. In this work, the haptic virtual 
fixtures are considered as assistance, where the operator is 
able to physically override the virtual fixtures. In practice 
this is achieved by limiting the maximum exertable haptic 
force to  . In real terms this amounts to the bio-
operator remaining in ultimate control of the microrobot 
while receiving assistance as to appropriate control 
behaviour. 
As mentioned in Section II, our approach to haptic 
microrobotic cell injection lends itself to assisting the bio-
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operator in real-time intracellular injection or for offline 
virtual procedural training. Haptic virtual fixtures perform 
similar roles in either case, i.e. to guide/train the bio-
operator in the cell injection process according to predefined 
criteria.  
IV. HAPTIC VIRTUAL FIXTURES FOR CELL INJECTION 
This section introduces our virtual fixtures for providing 
the bio-operator with suggested haptic guidance the during 
the cell injection task.  
The micro injection process involves approaching an 
immobilized individual cell with a micropipette, puncturing 
the chorion, penetrating the cytoplasm and then stopping at a 
designated location inside the cytoplasm for deposition. This 
paper introduces two virtual fixtures which guide the bio-
operator to approach the cell appropriately and then to stop 
the micropipette after penetrating to the deposition point 
within the cytoplasm. 
The zebrafish is an important model organism for genetic 
studies and drug discovery. The zebrafish offers external 
fertilisation and development, a short development period, 
transparent embryos offering ease of observation of 
individual cells during development as well as having 
similar major organs to humans [33]. As such, the zebrafish 
embryo is the focus of our approach to haptically guided cell 
injection. The zebrafish embryo consists of the chorion, 
cytoplasm membrane and cytoplasm. Figure 2(a) depicts a 
zebrafish embryo.  
 
Figure 2. Determination of the penetration point and deposition target for 
zebrafish embryo (a) zebrafish embryo (b) after pre-processing  
(c) recognised deposition target D (cytoplasm centre), penetration point P 
and depth of insertion ∆X. 
The task can be defined as two objectives; to (1) guide the 
bio-operator to penetrate the cell at a desired penetration 
point P and (2) stop the micropipette motion at a deposition 
target D. An image processing algorithm [34] determines the 
penetration points P and D. P denotes the desired location 
for the initial micropipette-chorion tip contact and insertion, 
D is the deposition target location and ∆X is the penetration 
depth given by ∆X = D – P. The determination of these 
parameters is demonstrated by Figures 2b and 2c. Figure 3 
illustrates the two virtual fixtures for guiding the bio-
operator according to the above two objectives.   
In the context of this work, the virtual fixtures are referred 
to as the conical and planar virtual fixtures. The operation of 
each of the virtual fixtures is as follows: 
 
Figure 3. Introduced haptic virtual fixtures for intracellular injection 
Conical virtual fixture where a force field within the 
conical volume applies forces to the bio-operator’s hand so 
as to guide (suggest) the desired trajectory to point P. The 
penetration point P is located at the cone’s apex. Aside from 
guiding the bio-operator to point P, large repulsive forces 
near the conical surface attempt to prevent the bio-operator 
from allowing the micropipette tip to penetrate the cone’s 
surface. The micropipette tip is considered as the point of 
reference. In the case where a different part of the 
micropipette has penetrated the conical surface, vibration is 
applied to the bio-operator’s hand as an indication of this 
situation. 
Planar virtual fixture where the bio-operator is prevented 
from penetrating the plane and exceeding the desired 
insertion depth. The virtual plane is orthogonal to the cone’s 
axis of symmetry and the deposition target location lies 
within the plane. 
The operation of these virtual fixtures results in the bio-
operator being subject to one of the following modes: 
• No guidance mode where the micropipette’s tip has 
not entered the guidance region (conical volume). 
No force is applied to the bio-operator’s hand.  
• Guidance mode where the micropipette has entered  
the guidance region.  
The guidance force guides suggests the desired path 
to the operator’s hand. 
• Forbidden mode where the micropipette tip 
attempts to penetrate virtual fixture surfaces (cone or 
plane).  
Haptic forces attempt to prevent the bio-operator 
from allowing the micropipette tip to penetrate these 
surfaces.  
The conical and planar virtual fixtures are discussed in 
more detail in the following subsections. 
A. Planar Virtual Fixture 
The planar virtual fixture aims to prevent the bio-operator 
from exceeding the desired insertion depth. The plane is 
orthogonal to the cone’s axis of symmetry and the 
deposition target location, D, lies within the plane. The plane 
is defined by its normal vector (cone axis of symmetry) and 
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reference point (P, penetration point). Let’s define the vector 
 with the initial point, D (deposition target location) and 
terminal point, P (penetration point).  represents the 
normal vector of the virtual fixture plane where D lies in the 
plane. Therefore, the desired virtual fixture plane is given by 
                        	 
                                      (1) 
where 
 denotes the dot product and X is the position vector 
of any point    in the plane.  
The Haptic Interaction Point (HIP) is denoted by  and 
represents the point of haptic device-user interaction. The 
haptic forces rendered to the bio-operator are realised at the 
HIP and its motion is mapped to the motion of the 
micropipette’s tip [20]. In order to haptically render the 
virtual fixture plane two considerations must be met, 
namely, collision detection and force response and control 
[35] .  
The collision detection component of the haptic rendering 
first requires the determination of the current position of the 
HIP,  and the virtual plane. If the position of the HIP has 
exceeded the virtual fixture surface (1) then 
collision/penetration of the HIP with the virtual plane has 
occurred. In this case, force response and control is 
necessary to render the appropriate forces to the bio-operator 
at the HIP. 
In order to determine the appropriate direction and 
magnitude of the haptic forces necessary to render the planar 
virtual fixture, a vector originating at the HIP () and 
terminating at point D is utilised. This vector then specifies 
the direction of the haptic force to be rendered. When 
penetration of the planar virtual fixture has occurred, an 
appropriate force response is required. The depth of 
penetration of the planar virtual fixture forms the basis for 
the haptic rendering. A spring model is used [35] and relates 
the distance of surface penetration to the haptically rendered 
force according to Hooke’s law.  
B. Conical Virtual Fixture 
This section introduces a conical virtual fixture based on a 
novel potential field model. The conical force field virtual 
fixture haptically guides the bio-operator’s manipulation of 
the micropipette to approach the penetration point, P.   
Potential fields have been widely used for trajectory 
planning in robotic applications  [36, 37]. The potential 
fields generate a force field which can be used to guide 
robots to avoid obstacles or geometric constraints while 
moving towards target points. This approach is equally 
suitable for haptically controlled systems where force fields 
can be used to apply forces to guide the operator to target 
locations. In order to construct a force field, the potential 
field method is generally preferred because it can be 
considered as a scalar function,    and the gradient of 
this potential field provides the corresponding force field.  
In such a force field, two types of forces should be 
considered, namely the attraction and repulsion forces. The 
attraction force attracts the robot toward the target points 
while the repulsion force prevents the robot from colliding 
with obstacles. The potential field for the conical virtual 
fixture is based on electrostatic models. To construct such a 
model, the surface of the cone can be assumed as a constant 
negative charge with a positive charge point at the cone’s 
apex. The force field inside the cone can be represented by 
the Laplace equation of 
ε
ρ ),,(),,(2 zyxzyxu −=∇
                     
(2) 
where    is a scalar potential function,  is the 
permittivity within the cone and		   is charge 
distribution function.     is defined as  
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where Q is the charge, δ(x), δ(y), δ(z) are Dirac functions 
and  ρs  is the planar charge density.  
 
 
 
 
 
Figure 4. Schematic of the charged ring generating an electric field at r 
If the cone is considered as an integration of circles with 
centres along the z-axis, then the electric field of any point, , anywhere in the xz-plane (Figure 4), can be derived as 
follows [38] 
										   !"# $ % &'( )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where Ex and Ez are electric fields along x and z axis 
repsectivly, 3 is the ring radius and 
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real-time application, a good estimation of the proposed 
solution can be obtained using a multi-charged particle 
system model. Let’s consider a cone surface with uniform 
distribution of n circles where each circle represents a static 
negative charge and a large positive static charge at the apex 
as illustrated by Figure 5. 
 
 
 
 
 
Figure 5. Multi-charged particle system model of the cone 
The potential field can then be obtained discreetly by 
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where Q0 is  a  large negative charge at  the cone  apex, Qk  
is a positive charge on the cone surface and	A  A  A is 
the position of the kth charge. 
Then, as equation (2) indicates, the force field can be 
calculated by the gradient of   . Given the symmetric 
distribution of the charges, the force only needs to be 
calculated in then xz-plane and extended to any point in the 
space using equation (6).  
Figure 6 demonstrates the potential field generated by the 
multi-charged particle system model of the cone. As 
depicted, the potential increases when approaching the 
cone’s apex as the target point. The gradient of this potential 
provides the force that relates to the guidance force applied 
to the bio-operator. It is worthwhile to acknowledge the very 
large gradient that occurs when close to the cone surface, 
which attempts to prevent the operator from moving the 
micropipette tip past the conical surface. Figure 6b provides 
a zoom view of a selected region of the potential field and 
the corresponding force field vectors. As can be deduced, all 
force vectors (corresponding to guidance forces) are directed 
towards the cone’s apex (target  point).  Force vectors in 
close proximity have relatively similar lengths providing a 
smooth and continuous guiding force.  
Preliminary results (Figures 7 and 8) demonstrate the 
ability of the proposed conical force field virtual fixture to 
guide the bio-operator’s control of the micropipette tip to the 
penetration point, P. Figure 7 shows the bio-operator’s 
control of the HIP within the force field projected in xz-
plane. The bio-operator is guided to the penetration point by 
haptic force guidance. Figure 8 illustrates the corresponding 
guidance force magnitude along the trajectory. 
 
 
 
 
Figure 6. 3D view of the potential field and force vectors: (a) electrostatic 
voltage inside the cone (b) a selected region of the potential field and 
corresponding force vectors. 
V. CONCLUSION 
This paper introduces a guidance system for haptically 
assisting the bio-operator in intracellular injection. Two 
haptic virtual fixtures are introduced, each aiming to assist 
the bio-operator with a particular aspect of the cell injection 
task.  
 
Figure 7.  Haptic Interaction Point trajectory inside the force field  
(projected in the xz-plane) 
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A novel force field virtual fixture based on electrostatic 
field models was introduced and the force fields inside the 
cone recommend the optimal trajectory to the penetration 
point. After the bio-operator has penetrated the cell, a virtual 
fixture plane attempts to restrict the bio-operator from 
injecting beyond the deposition target. Preliminary results 
demonstrate the utility of the approach. 
 
Figure 8. Force magnitude along the trajectory 
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